Angiotensin-Converting Enzyme 2 (ACE2) is a component of the renin-angiotensin system and its expression and activity have been shown to be reduced in cardiovascular diseases. Enzymatic activity of ACE2 is commonly measured by hydrolysis of quenched fluorescent substrates in the absence or presence of an ACE2-specific inhibitor, such as the commercially available inhibitor DX600. Whereas recombinant human ACE2 is readily detected in mouse tissues using 1 µM DX600 at pH 7.5, the endogenous ACE2 activity in mouse tissues is barely detectable. We compared human, mouse, and rat ACE2 over-expressed in cell lines for their sensitivity to inhibition by DX600. ACE2 from all three species could be inhibited by DX600, but the half maximal inhibitory concentration (IC 50 ) for human ACE2 was much lower (78-fold) than for rodent ACE2. Following optimization of pH, substrate and antagonist concentrations, rat and mouse ACE2 expressed in a cell line could be accurately quantified with 10 µM DX600 (>95% inhibition) but not with 1 µM DX600 (<75% inhibition). Validation that the optimized method robustly quantifies ACE2 in mouse tissues (kidney, brain, heart, and plasma) was performed using both wild-type and ACE2 knockout mice. This study provides a reliable method for measuring human as well as endogenous ACE2 activity in rodents. Our data underscore the importance of validating the effect of DX600 on ACE2 from each particular species at the experimental conditions employed.
Introduction
Angiotensin-converting enzyme 2 (ACE2) is a metallocarboxypeptidase that hydrolyzes the octapeptide angiotensin II (Ang-II) as well as several other small peptides (6, 26, 28) . Ang-II signaling promotes vasoconstriction and elevation of blood pressure (32). By decreasing the concentration of Ang-II and increasing the concentration of the heptapeptide angiotensin-(1-7) (Ang-(1-7)), whose signaling tend to be opposite of that of Ang-II, ACE2 can diminish the effects of Ang-II, while loss of ACE2 exacerbates Ang-II-driven processes (11, 14) . In order to assess how ACE2 abundance affects biological processes, it is essential to be able to accurately quantify the enzymatic activity of ACE2, especially since there can be discordance in the regulation of ACE2 at the levels of mRNA, protein, and enzymatic activity (24, 29, 30 ). ACE2 activity is commonly quantified using the quenched fluorescent substrates (7- Methoxycoumarin-4-yl)acetyl-Tyr-Val-Ala-Asp-Ala-Pro-Lys(2,4-Dinitrophenyl)-OH (Mca-YVADAPK(Dnp)) and (7-Methoxycoumarin-4-yl)acetyl-Ala-Pro-Lys(2,4-Dinitrophenyl)-OH (Mca-APK(Dnp)) (28). However, these fluorogenic substrates are not specific for ACE2. Mca-YVADAPK(Dnp) can for example also be hydrolyzed by angiotensin-converting enzyme (ACE) and caspase 1 (interleukin-1β-converting enzyme) (9, 29) . Specificity is ensured by assessing inhibition of activity with an ACE2-specific inhibitor (5, 8, 29) . The two commonly used ACE2 inhibitors are MLN-4760 (compound 16 in ref. (4) ) and DX600 (16) , of which only the latter is commercially available.
Our laboratory has previously used 1 µM of DX600 to detect activity from a human ACE2 transgene expressed in mice (1, 10). While the human transgene activity is readily detected, we have noted that the endogenous mouse ACE2 activity in the pancreas and central nervous system is barely detectable by this method, even though these tissues express significant levels of ACE2 protein as detected by immunohistochemistry and Western blotting (1, 7). DX600 was originally identified based on its ability to inhibit purified ACE2 (16) . We speculated that endogenous mouse ACE2 was underestimated due to insufficient inhibition by DX600. We therefore tested and confirmed the hypothesis that ACE2 from rodents has lower sensitivity to inhibition by DX600 than human ACE2. An optimized assay allowing
Transfection
Cells were seeded in 6-well plates at concentrations of 1 x 10 6 cells/well and 2 x 10 6 cells/well for the Neuro-2a and 832/13 cell lines, respectively, the day before transfection. Cells were transfected with 2 µg expression plasmid and 10 µl Lipofectamine 2000 (Invitrogen, Carlsbad, CA) per well in 1 ml medium DMEM without serum, glucose, or antibiotics (23) . After incubation for 4 hours, the transfection medium was replaced with normal maintenance medium for the respective cell lines. Cells were incubated for an additional 44 hours.
Western blotting
The protein content of samples was quantified with a Pierce BCA protein assay kit (Thermo Scientific, Rockford, IL). Western blotting of whole cell lysates was conducted as previously described (22) .
Primary antibodies were anti-ACE2 (sc-20998, Santa Cruz Biotechnology, Santa Cruz, CA) and antigamma-tubulin (T5192, Sigma-Aldrich, St. Louis, MO). Images were captured with a Fujifilm luminescent image analyzer LAS-1000plus from Fuji Photo Film Co.
ACE2 assay
Mca-YVADAPK(Dnp) and Mca-APK(Dnp) were from R&D Systems, Inc., Minneapolis, MN and Enzo Life Sciences, Plymouth Meeting, PA, respectively. DX600 was purchased from Phoenix Pharmaceuticals, Inc., Burlingame, CA. Cells or ground-up tissue were suspended in 0.5% Triton X-100 in ACE2 reaction buffer. Suspensions were sonicated on ice and centrifuged at 20,800g for 5 min at 4ºC.
Supernatants were stored at -80ºC and later used for activity measurements. Samples were diluted in 0.5%
Triton X-100 in ACE2 reaction buffer to enter a range where fluorescence is a linear function of the incubation time. Each assay contained 0.2 -0.5 µg protein for cell culture extracts, 5 µg protein for kidney extracts, and 10 µg protein for heart and brain extracts. 
Statistics
Data are expressed as means ± standard error of means (SEM). Hydrolysis rates were analyzed with repeated-measures ANOVA using GraphPad Prism 5. Bonferroni adjustments were made for multiple post-hoc contrasts of means in the absence and presence of DX600. *, **, and *** indicate statistically significant differences at the 5%, 1%, and 0.1% significance levels, respectively.
Results

Rodent ACE2 is less sensitive to DX600 inhibition than human ACE2
Human, rat, and mouse ACE2 were expressed in 832/13 and Neuro-2a cells by transient transfection with ACE2 expression plasmids. In 832/13 cells, the plasmids induce expression of ACE2 protein with apparent molecular weights between 100 and 120 kDa ( Fig. 1) . At conditions previously used for detecting activity from a transgene encoding human ACE2 (100 µM of the quenched fluorescent substrate
Mca-YVADAPK(Dnp) at pH 7.5), human ACE2 activity is strongly (> 93%) inhibited by 1 µM DX600
in both pancreatic and neuronal cells, while rat and mouse ACE2 activities are not significantly inhibited ( It has been reported that another commonly used ACE2 inhibitor, MLN-4760, doesn't quench ACE2
activity measured with Mca-APK(Dnp) in mouse tissues (29). We speculated that amino acid differences between human and rodent ACE2 molecules around the active sites might lead to differences in sensitivity to ACE2 inhibitors. Of the amino acid residues of human ACE2 that interact with MLN-4760 (27), there are two residues that differ between the species: residue 149 is asparagine in human, but aspartic acid in mouse and rat; and residue 368 is aspartic acid in human, but asparagine in mouse and rat.
We assessed the sensitivity of mouse ACE2 with D149N and N368D mutations to inhibition by 1 µM DX600. These mutations did not increase the sensitivity to inhibition (data not shown) indicating that other amino acid residue differences between human and rodent ACE2 cause the species-dependent DX600 sensitivity.
We evaluated the use of 1 µM DX600 to detect endogenous ACE2 in mouse kidneys, when ACE2 is measured with 100 µM Mca-YVADAPK(Dnp) at pH 7.5 (Fig. 2C) . The hydrolysis rate of Mca-YVADAPK(Dnp) of kidney extracts from ACE2 knockout mice represents the non-ACE2 enzymes capable of cleaving the fluorogenic substrate. As DX600 has no significant effect on the non-ACE2 enzymes, the best estimate of their activity level is the average of the hydrolysis rates for the knockout mice in the absence and presence of DX600. Assuming that the same amount of non-ACE2 enzymes exists in wild-type mice as in knockout mice, we estimate the true ACE2 hydrolysis rate in the wild-type mice as the rate in the absence of DX600 minus the average of the hydrolysis rates for the knockout mice.
For the wild-type kidney, 1 µM DX600 significantly decreased the hydrolysis rate of the substrate, but only 19% of the estimated true ACE2 activity was detected (Fig. 2C ).
With Mca-APK(Dnp) as ACE2 substrate, we generated dose-response curves (Fig. 3) . Under these conditions, the half maximal inhibitory concentration (IC 50 ) for human ACE2 is approximately 0.09 µM DX600, while the IC 50 for rat and mouse ACE2 is approximately 7 µM DX600.
An optimized method for detecting rodent ACE2 with DX600
While rodent ACE2 expressed in 832/13 or Neuro-2a cell lines was insignificantly inhibited by 1 µM DX600 at the employed experimental conditions, another group has reported near complete inhibition of mouse lung ACE2 with 1 µM DX600 at slightly different experimental conditions, including a lower pH (6.5) and a lower concentration (10 µM) of Mca-YVADAPK(Dnp) (19) . In our hands, these conditions allowed some inhibition of mouse ACE2 expressed in 832/13 cells by DX600 (<75%, data not shown),
but not to the degree as in ref. (19) . However, 10 µM DX600 run in an assay with 10 µM Mca-APK(Dnp) at pH 6.5 inhibited mouse and rat ACE2 by 98% and 97%, respectively (Fig. 4) . The change in pH from 7.5 to 6.5 is important as it causes both a higher hydrolysis rate of Mca-APK(Dnp) (Fig. 4A ) as well as a higher degree of inhibition of rodent ACE2 by DX600 (Fig. 4B) . Human ACE2 has the same pH activity profile as rodent ACE2, but is completely inhibited by DX600 in the whole pH range from 6.5 to 8.0 (Fig.   4 ). We conclude that DX600 has higher affinity for human than for rodent ACE2.
We finally assessed whether the optimized assay conditions with 10 µM Mca-APK(Dnp) and 10 µM DX600 at pH 6.5 were applicable for detecting endogenous ACE2 in mouse tissues. We analyzed kidney, brain, heart, and plasma from wild-type and ACE2 knockout mice. For the kidney, 99% of the estimated true ACE2 activity was detected by the optimized method (Fig. 6 ). The estimated ratio between ACE2
and non-ACE2 enzymes hydrolyzing the fluorogenic substrate is also better in the optimized method (37-fold vs. 3.7-fold for results shown in Fig. 2C ). The optimized method likewise detects ACE2 in mouse brain, heart, and plasma with strong inhibition (98%, 86%, and 90% of the estimated true ACE2 activities, respectively) by 10 µM DX600 (Fig. 6) .
Discussion
Our results demonstrate that mouse and rat ACE2 are less sensitive to inhibition by DX600 than human ACE2. Amino acid residues 149 and 368 at the active site of ACE2 did not explain the species-specific effects. These amino acid differences between human and rodent ACE2 also seem to have only minor effects on K m values towards the fluorogenic substrate Mca-APK(Dnp). Rather, the diminished DX600 sensitivity of rodent ACE2 is likely due to some of the other 87 amino acid residues that are shared in rat and mouse ACE2 but different in human ACE2. This is consistent with DX600 being a mixed-type enzyme inhibitor (16) , as such an inhibitor can bind to and inhibit both the free enzyme and the enzymesubstrate complex.
In an assay for measuring human ACE2 expressed in mouse tissues, ACE2 activity was previously determined in our laboratory as the difference in hydrolysis rate of Mca-YVADAPK(Dnp) in the absence and presence of 1 µM DX600 (1, 10). As there is only minimal inhibition of mouse ACE2 under these conditions (Fig. 2) , the endogenous mouse ACE2 activity will have been underestimated relative to the activity from the human ACE2 transgene, and the ratio of human ACE2 to endogenous murine ACE2 would consequently have been overestimated.
In contrast to our work, other groups have reported near complete inhibition of mouse and rat ACE2 activity at DX600 concentrations of 1 µM or lower (12, 19) . However, despite our attempts, we have not been able to reproduce these data and effectively inhibit rodent ACE2 with 1 µM DX600, suggesting that additional divergences in experimental conditions may contribute to these differences. Mouse and rat ACE2 activities have been assessed by other researchers in assays with 100 µM of DX600 (17, 18). While no data were provided showing the degree of inhibition of rodent ACE2, we observed that 100 µM DX600 inhibits at least 90% of the activity of rodent ACE2 expressed in cell lines (Fig. 3 and data not shown). Due to the high cost of DX600, we attempted to establish a protocol with 10 µM DX600 applicable for measuring rodent ACE2. An optimized method with 10 µM Mca-APK(Dnp) at pH 6.5 robustly allows measurement of rodent ACE2 expressed in 832/13 cells as well as of ACE2 in mouse tissues (Figs. 4 and 6 ). The change in pH from 7.5 to 6.5 is crucial for ensuring effective inhibition by DX600 (Fig. 4B) . It further increases the hydrolysis rate of the substrate (Fig. 4A) , as was previously observed for a soluble form of human ACE2 (28). A mouse renal ACE2 activity assay based on inhibition with MLN-4760 was likewise highly dependent on the pH (20) . Lowering the concentration of the ACE2
substrate Mca-APK(Dnp) from 50 µM to 10 µM also contributes to increased DX600 sensitivity as evidenced by a reduction of IC 50 . Yet, determinations of K i and IC 50 values show that even at pH 6.5
human ACE2 is more sensitive to inhibition by DX600 than rodent ACE2.
DX600 is a 26 amino acid peptide (16) . The manufacturer notes in a specification sheet that DX600 contains 2 free cysteine residues and tends to polymerize. Polymerization and oxidation of DX600 might conceivably affect binding to and inhibition of ACE2. Therefore the manufacturer recommends dissolving DX600 just before use. Accordingly, we only used DX600 that was hydrated the same day that ACE2 assays were conducted. ACE2 doesn't hydrolyze DX600 (16) , but it may be susceptible to cleavage by other proteases or peptidases. Some hydrolysis of DX600 may therefore occur at the ACE2 activity assay conditions, but with an initial concentration of 10 µM DX600 there must obviously have been a sufficient amount of DX600 present to inactivate rodent ACE2 in the cell and tissue extracts employed in our study. DX600 has been used to treat rodents in vivo (13, 19) . Inhibition of ACE2 activity in vivo will be determined by the local concentration of DX600 in the tissues relative to the in vivo binding affinity between DX600 and native ACE2. Angiotensin substrates for ACE2 in vivo seem to be hydrolyzed at much lower concentrations than the K m values for Ang-I and Ang-II, which in vitro have been determined to ≥ 2 µM (16, 25, 28) . For example, rat plasma and renal interstitial fluid contain less than 10 nM Ang-I
and Ang-II (21) . Under such conditions, the IC 50 in vivo would be approximately equal to the K i (2). To our knowledge, no study of the tissue concentration of DX600 or the affinity between DX600 and ACE2 in vivo following DX600 treatment has been reported. A direct measurement of ACE2 activity in a thrombus after DX600 administration has been carried out, but the decrease in ACE2 activity was not statistically significant (13). Thus, while the physiological effects of DX600 may be due to inhibition of ACE2, it is also possible that DX600 has off-target effects on the animals.
In summary, mouse and rat ACE2 activity can reliably be determined as the difference in hydrolysis rate of 10 µM Mca-APK(Dnp) at pH 6.5 in the absence and presence of 10 µM DX600.
Perspectives and Significance
ACE2 is being recognized as a critical component of the renin-angiotensin system, capable of modulating the deleterious effects of the ACE/Ang-II/AT1 receptor axis (3, 31) . Measurement of ACE2 activity is the more reliable index to assess the compensatory role of this enzyme in health and diseases. Therefore an accurate estimate of ACE2 activity and knowledge of species differences is necessary. Our work provides a reliable way of measuring rodent ACE2 activity using the commercially available inhibitor DX600. It further stresses the importance of validating the effect of DX600 on ACE2 from each particular species at the experimental conditions employed. 
